Gonadotrope cells in the anterior pituitary gland secrete gonadotropins regulating gonadal function in mammals. Recent results have implicated transient receptor potential (TRP) cation channels in pituitary physiology; however, if and how TRP channels contribute to gonadotrope function is not known. Here, we report that 14 out of 28 TRP channels encoded in the mouse genome are expressed in murine gonadotropes with highest expression levels found for canonical TRP (TRPC) channel 5 in juvenile females. We show that TRP channel expression in these cells exhibits considerable plasticity and that it depends on the sex and the developmental and hormonal status of the animal. We then combine different genetic strategies including genetic confocal Ca 2+ imaging in whole-mount pituitary gland preparations to characterize TRPC5 channel function in gonadotropes from juvenile females. We show that the TRPC5 agonist Englerin A activates a cytosolic Ca 2+ signal and a whole-cell current in these cells, which is absent in TRPC5-deficient mice, and demonstrate that TRPC5 forms functional heteromultimers with TRPC1 in gonadotropes. We further show that the Englerin A-activated TRPC5-dependent Ca 2+ signal is mediated by Ca 2+ influx both via TRPC5 and via L-type voltage-gated Ca 2+ channels, activated by the depolarization through TRPC5-mediated cation influx. Finally, we demonstrate that the gonadotropin-releasing hormone (GnRH)-mediated net depolarization is significantly reduced in gonadotropes isolated from TRPC5-deficient mice. In conclusion, our data suggest that TRPC5 contributes to depolarization of the plasma membrane in gonadotropes upon GnRH stimulation and increases the intracellular Ca 2+ concentration via its own Ca 2+ permeability and via the activation of voltage-gated Ca 2+ channels.
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(Endocrinology 158: [887] [888] [889] [890] [891] [892] [893] [894] [895] [896] [897] [898] [899] [900] [901] [902] 2017) G onadotrope cells in the anterior pituitary gland are an essential component of the reproductive axis. Gonadotropes decode gonadotropin-releasing hormone (GnRH) pulses from the median eminence and fluctuating steroid hormone levels to adapt luteinizing hormone (LH) and follicle-stimulating hormone (FSH) production and release to the hormonal status of the animal (1) (2) (3) (4) (5) . Information about signaling in primary gonadotropes is still incomplete. Specifically, the individual ion channels involved in the physiological activation of gonadotropes and their adjustment to different hormonal stages are just beginning to emerge. Many experiments to unravel signal transduction pathways in these cells were actually not conducted in primary gonadotropes, but in cell lines (6, 7) . Furthermore, even if primary gonadotropes were analyzed, these were usually dissociated cells (8) (9) (10) . Recent data however suggest cell networks in the anterior pituitary indicating the necessity to also study gonadotrope cells in situ.
Transient receptor potential (TRP) cation channels play important functional roles in hormone-secreting cells such as pancreatic b-cells (11) (12) (13) . Generally, these channels are ideally suited to be part of the signal transduction machinery of hormone-secreting cells because of their mechanism of activation and complex regulation (14) . Recently, TRP channels have been identified in rat pituitary cells (15) ; however, little is known about their function in mouse pituitary hormonesecreting cells. Ca 2+ -activated nonselective cationic currents that could be mediated by TRP channels have also been described in rat gonadotropes (16) . Functional TRP channel expression in primary murine gonadotropes has, however, not yet been reported.
Canonical TRP (TRPC) channels are divided into four subfamilies (TRPC1, TRPC2, TRPC4/5, and TRPC3/6/7) and mediate Ca 2+ entry (17, 18) . TRPC1, TRPC3, TRPC5, and TRPC7 messenger RNA have been identified in human pituitary cells and TRPC1, TRPC3, TRPC4, TRPC5, and TRPC6 messenger RNA in rat pituitary cells (15, 19) . TRPC channels can be activated by G-protein coupled receptors and/or receptor tyrosine kinases. Whether the G-protein coupled GnRH receptor (GnRHR), the major receptor for LH and FSH release, activates TRPC channels in gonadotropes is not known yet.
TRPC1 is implicated to contribute to Ca 2+ entry after IP 3 -dependent store-depletion (20) . TRPC2, TRPC3, TRPC6, and TRPC7 are activated by diacylglycerol (21) (22) (23) , and recent studies suggest that the activation of TRPC4 depends on the coincident activation of Gi/o and PLC (24) . TRPC5 has been reported to bind to STIM1 and it was suggested to function as a store-operated channel (25) , but has also been shown to be activated independent of Ca 2+ store depletion (26, 27) . Beside the PLC pathway, TRPC5 channels are activated, e.g., by intracellular Ca 2+ (28, 29) , by stretch (30) , and by cold (31) .
Our understanding of the endogenous activators and functions of many TRPC channels is still limited and may even depend on the subunit composition or complex signaling environment (32, 33) . For example, TRPC5 has been shown to form functional heteromeric complexes with TRPC1 and has been suggested to heteromerize with TRPC4 (32, 34, 35) and the presence of these TRPCs has been described in different areas of the central nervous system (35) (36) (37) . It is, however, not yet clear if these TRPC channels are found within the same cells. Single cell reverse transcription polymerase chain reaction (RT-PCR) analyses of genetically labeled GnRH neurons suggest a combinatorial TRPC channel expression (38, 39) . Thus, the subunit coexpression patterns might be regional and cell-type specific. Furthermore, the dependence of neuroendocrine cells on the hormonal state of an individual may even alter the presence or abundance of TRP channel expression.
We previously reported whole-transcriptome analysis of fluorescently labeled murine gonadotropes via RNAsequencing after cell sorting (40) . Based on these data, we here analyze TRP channel expression in mouse gonadotropes utilizing combinatorial genetic approaches, fluorescent Ca 2+ imaging and whole-cell patch clamp to demonstrate functional expression of TRPC channels in these cells.
Materials and Methods

Mice
Animal care and experimental procedures were performed in accordance with the guidelines established by the animal welfare committee of the University of Saarland. Mice were kept under a standard light/dark cycle with food and water ad libitum. To label gonadotropes, we used the GnRHR-IRES-CRE (GRIC) (41) knockin mouse strain crossed with eROSA26-tGFP (eR26-tGFP) (42) or eROSA26-GCaMP3 [eR26-GCaMP3 (43), generously provided by Dr. D. Bergles of Johns Hopkins University, Baltimore, Maryland] animals. TRPC5 knockout (ko) mice are described in (44) . Mice were kept in a mixed (129/SvJ and C57BL/6J) background. All electrophysiological experiments were performed on dissociated gonadotropes prepared from juvenile (3-week-old) GRIC/eR26-tGFP/TRPC5 +/+ and GRIC/eR26-tGFP/TRPC5 2/2 females. Ca 2+ imaging data are either from dissociated pituitary cells prepared from juvenile GRIC/eR26-tGFP, GRIC/eR26-tGFP/TRPC5
2/2
and GRIC/eR26-GCaMP3 females or from whole-mount pituitary preparations isolated from juvenile female GRIC/ eR26-GCaMP3 mice.
Analysis of TRP channel expression in murine gonadotropes
RNA sequencing libraries prepared from murine gonadotropes enriched from 3-week-old males, 3-week-old females, diestrus, proestrus, and lactating females, as well as 14-week-old males, have been described previously (40) . To identify TRP channels expressed in gonadotropes, we analyzed the fragments per kilobase of exon per million fragments mapped (FPKM) values for all known TRP channels among these six stages. We considered all TRP channels with FPKM . 1 to be expressed. We also analyzed differentially expressed genes; those with a fold change in FPKM . 2 and q value ,0.05 as previously described (40) . The heatmap of TRP channel expression in gonadotropes was generated using the MATLAB clustergram script.
Gonadotrope enrichment, RNA purification, and quantitative RT-PCR Vaginal cytology, cell sorting and quantitative RT-PCR (RTqPCR) were performed as previously described (40) . Briefly, pituitary glands were dissected from GRIC/eR26-tGFP mice. The glands were then cut into small pieces and dissociated with papain (Papain dissociation system; Worthington Biochemical, Lakewood, NJ). The dissociated cells were sorted using a BD FACS Aria III by the endogenous tGFP fluorescence. The RNA from enriched murine gonadotropes was purified using an RNeasy plus Micro kit (QIAGEN, Hilden, Germany). RTqPCR was performed with the CFX-96 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA) using the SensiFAST SYBR No-ROX one-step kit (Bioline, Luckenwalde, Germany) as previously described (40) with b-actin as an endogenous control. The reaction conditions were as follows: 10 minutes at 45°C, followed by 2 minutes at 95°C and then 40 cycles of 5 seconds at 95°C and 20 seconds at 60°C. Primers are listed in Supplemental Table 1 . Quantified results represent the fold induction of target gene expression using the 22DDCt method (45 
Primary pituitary cell culture
Pituitaries were isolated from juvenile female GRIC/eR26-tGFP/TRPC5
, or GRIC/eR26-GCaMP3 mice. After dissociation, cells were resuspended in Dulbecco's modified Eagle's medium with 10% fetal bovine serum, 100 mg/mL streptomycin and 100 U/mL penicillin, plated on poly-L-lysine coated coverslips kept in 24-well plates at 37°C in a humidified incubator with 5% CO 2 and used for cytosolic Ca 2+ measurements or whole-cell patch-clamp experiments within 2 to 3 days.
Fluorescent Ca 2+ imaging
Gonadotropes were loaded at 37°C for 15 minutes in medium with 1 mM Fura-2-acetoxymethyl ester (Fura-2-AM; MoBiTec, Göttingen, Germany), washed and placed into an open chamber with Ringer's solution (in mM: 140 NaCl, 2.8 KCl, 1 CaCl 2 , 2 MgCl 2 , 10 HEPES and 10 glucose; pH adjusted to 7.2 with NaOH; 300 mOsmol/kg). Ca 2+ imaging experiments were performed at room temperature using an axiovert S100 microscope (Zeiss, Oberkochen, Germany) equipped with a 203 Fluar objective (Zeiss), a polychrom V monochromator (TILL Photonics, Martinsried, Germany), and a TILL IMAGO CCD camera (TILL Photonics). Fura-2 was excited every 2 seconds at wavelengths of 340 nm and 380 nm for 10 ms each and ratio images were calculated from the respective fluorescence emission (.440 nm; Fura filter CHROMA, Olching, Germany) after background subtraction (TILLvisION software, TILL Photonics). Ratio (F 340 /F 380 ) changes of individual gonadotropes, identified by their expression of tGFP, visualized by the fluorescence emission .515 nm after excitation at 488 nm (GFP filter Zeiss), and nongreen (control) cells, were plotted vs time. GnRH (Sigma-Aldrich, L7134, St. Louis, MO), Englerin A (Carl Roth, Karlsruhe, Germany), Riluzole (SigmaAldrich), Clemizole (Tocris, Bristol, UK), and Nifedipine (Sigma-Aldrich, N7634) were applied into the bath chamber reaching a final concentration as indicated in the figures. Results are plotted as means 6 standard error of the mean (SEM), with n indicating the number of measured cells and x indicating the number of experiments (n/x).
Electrophysiological recordings
Whole-cell currents were recorded from gonadotropes, identified by the expression of tGFP, or HEK 293 cells stably expressing TRPC5 or TRPC1 or stably expressing TRPC1 plus transiently expressing TRPC5-IRES-GFP, either at an axiovert 135 M microscope (Zeiss) equipped with a 470-nm lightemitting diode (Rapp OptoElectronics, Hamburg, Germany) and a GFP filter set (Zeiss) or at an axiovert 135 M microscope (Zeiss) equipped with a 403 LD Achroplan objective (Zeiss), a light-emitting diode light source pE-300 white (CoolLED Ltd., Andover, UK), and a FITC/TxRed dual band filterset (AHF, Tübingen, Germany), using a computer-controlled EPC-9 patch clamp amplifier (HEKA Electronics, Lambrecht, Germany) and the PatchMaster software (HEKA). Patch pipettes were pulled from glass capillaries GB150T-8P (Science Products, Hofheim, Germany) at a PC-10 micropipette puller (Narishige, Tokyo, Japan) and had resistances between 2 and 4 MV when filled with internal (pipette) solution containing (in mM) 120 Csmethanesulfonate, 8 50 mM Riluzole (Sigma-Aldrich), 100 mM Carbachol (Sigma-Aldrich), 10 mM Clemizole (Tocris), or 100 nM GnRH (Sigma-Aldrich, L7134) were added and administered directly onto the patch-clamped cell via a wide-tipped patch pipette. All solutions had an osmolality between 285 and 305 mOsmol/kg. To measure TRPC currents, 400-ms voltage ramps spanning from 2100 to +100 mV were applied every 2 seconds from a holding potential (V h ) of 0 mV. Currents were filtered at 2.9 kHz and digitized at 400-ms intervals. All voltages were corrected for a 10-mV liquid junction potential. Capacitive currents and series resistance were determined and corrected before each voltage ramp using the automatic capacitance compensation of the EPC-9. All currents were normalized to the cell capacitance as a measure for the cell size to calculate current densities (pA/pF). Results are given as mean (6SEM) inward and outward currents extracted at 280 mV and +80 mV, respectively, plotted vs time, with n indicating the number of measured cells. Representative current-voltage relationships (IVs) were extracted at indicated time points. Shown IVs represent means (without SEM) from n measured cells.
Confocal Ca 2+ imaging of cultured pituitary cells isolated from GRIC/eR26-GCaMP3 mice
Dissociated pituitary cells were transferred into Ringer's solution containing (in mM) 140 NaCl, 2.8 KCl, 1 CaCl 2 , 2 MgCl 2 , 10 HEPES, 10 glucose, pH 7.2 RT, osmolality ;300 mOsmol/kg. Ca 2+ imaging experiments were performed using an upright confocal microscope (Zeiss, LSM 710), excitation light 488 nm (argon laser) and emission filter at 493-598 nm. Images were taken with a frame rate of 2 Hz using a water immersion 203 objective (Zeiss, Plan-Apochromat). GnRH (final concentration 10 nM, Sigma-Aldrich, L7134) was applied via a pipette into the recording chamber. Regions of interest were marked using the ZEN Black software and DF/F 0 was calculated using MATLAB [F 0 = mean fluorescence 1 minute before GnRH application, DF = (F -F 0 )] and the means (6SEM) were plotted vs time.
Confocal Ca
2+ imaging of whole-mount pituitary preparations isolated from GRIC/eR26-GCaMP3 mice
Juvenile GRIC/eR26-GCaMP3 females were decapitated and the pituitary quickly removed and transferred into ice-cold carbogenated artificial cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 5 glucose, pH ;7.4 RT, osmolality ;300 mOsmol/kg. The whole pituitary was embedded in 4% low melting point agarose (Thermo Fisher Scientific, Waltham, MA) and placed in the measurement chamber (Warner Instruments, RC-27LD, Hamden, CT) with the ventral side up. Solutions (ACSF, ACSF + GnRH, ACSF + Englerin A) and the chamber were continuously heated to 37°C (Warner Instruments, dual automatic temperature controller) resulting in a bath solution of ;33°C. Before the experiments ;30 minutes was given for recovery of the whole-mount pituitary in the preheated chamber. All solutions were bath-applied at a flow rate of 2 ml/min (Warner Instruments, VC-6 Valve Controller) and the switch between solutions was via TTL signals (CED Micro1401-3, Cambridge, UK). The Ca 2+ imaging experiments were performed using an upright confocal microscope (Zeiss, LSM 710), excitation light 488 nm (argon laser) and emission filter at 493 to 598 nm. Images were taken with a frame rate of 2 Hz using a water immersion 203 objective (Zeiss, PlanApochromat). GnRH was applied for 5 minutes with increasing concentrations starting at 0.1 nM followed by 1 nM and 10 nM. Between the applications of GnRH 30 minutes of wash-out with ACSF was performed. At the end of the experiment 40 mM KCl in ACSF was administered as a control of cell viability. DF/F 0 was calculated using the software MATLAB [F 0 = mean fluorescence 1 minute before GnRH application,
In another set of experiments Englerin A (100 nM) was applied for 5 minutes after a 5-minute control measurement in ACSF. A 10-minute wash-out period followed by a 40 mM KCl in ACSF application. For analysis a time averaged image of all frames was generated and cells were marked manually using the Fluorescence Single Neuron and Network Analysis Package tool for MATLAB (47) . DF/F 0 was calculated essentially as described in (47) by subtracting each value of raw fluorescence with the mean of the lower 25% of the previous 60-second values and division by the mean of the lower 25% of the previous 60-second values. This calculation allowed a peak detection above a threshold by keeping the baseline at 60, resulting in an appropriate Ca 2+ change signal in about 84% of cells analyzed, whereas in 16% of the cells where the Ca 2+ response to Englerin A was steadily increased over a time window $1 minute the signal was distorted using the DF/F 0 analysis (see Supplemental 
Fluorescent membrane potential measurements
The fluorescence imaging plate reader membrane potential (FMP)-sensitive dye was dissolved in physiological buffer containing (in mM) 140 NaCl, 2.8 KCl, 2 MgCl 2 , 1 CaCl 2 , 10 HEPES, 10 glucose, pH 7.4 or in high potassium buffer containing (in mM) 70 NaCl, 70 KCl, 2 MgCl 2 , 1 CaCl 2 , 10 HEPES, 10 glucose, pH 7.4. Both solutions were mixed at equal amounts to reach 35 mM KCl. GnRH, Englerin A, and Nifedipine were added to reach final concentrations as indicated. FMP measurements were performed at an Axiovert S100 microscope (Zeiss) equipped with a 203 Fluar objective (Zeiss), a polychrom V monochromator (TILL Photonics, Martinsried, Germany), and a TILL IMAGO CCD camera (TILL Photonics). The dye was excited by 530 nm light and fluorescence was detected above 605 nm using a customized filter block (AHF Analysentechnik AG) as described previously (48) . Measurements were controlled and analyzed using the TILLvisION software (TILL Photonics). 
Results
TRP channel plasticity in murine gonadotropes
We have recently generated RNA-sequencing libraries of primary murine gonadotropes at different developmental and hormonal stages (40) . First, we asked whether TRP channels are expressed in these cells. We found that 14 of 28 TRP channels encoded in the mouse genome were expressed in gonadotropes with FPKM values [representing gene abundance within the samples (49)] .1 in at least one experimental group. Out of these genes, Mcoln3 (encoding TRPML3), Mcoln1 (encoding TRPML1), Pkd2 (encoding TRPP2), and Trpc5 were expressed at high levels with FPKM values .10 in at least one stage [ Fig. 1(a) ]. Trpv2 and Trpc4 displayed higher expression levels in males, whereas Pkd2 and Trpm3 showed higher expression levels in gonadotropes isolated from cycling females and Mcoln1 was highest in lactating females. Conversely, in juveniles, Trpc5 and Trpm4 were expressed at higher levels [ Fig. 1(a) ].
Next we analyzed quantitative changes in the gene expression of individual TRP channels in gonadotropes at different sexes, ages, and hormonal stages. To do this, we selected genes with a greater than twofold change, q , 0.05 and FPKM . 1 in at least one condition (40) . We found five TRP channels (Trpa1, Trpc4, Trpc5, Trpc6, and Trpv2) to be differentially expressed employing these criteria (Table 1) . Taken together, these data demonstrate that TRP channel expression in murine gonadotropes exhibits considerable plasticity and depends on the sex and the developmental and hormonal status of the animal. As Trpc5 was found to be the most highly expressed TRP channel of these five genes (Table 1) , we independently validated its expression using quantitative reverse transcription polymerase chain reaction. We found that the expression pattern determined via quantitative reverse transcription polymerase chain reaction was highly similar to that obtained by RNA-sequencing [ Fig. 1(b) ]. We therefore decided to focus our functional analyses on TRPC5 in gonadotropes from juvenile females.
Functional identification of fluorescent gonadotropes isolated from juvenile female GRIC/eR26-tGFP mice
To functionally characterize TRPC5 in gonadotropes we next prepared primary pituitary cell cultures from juvenile (3-week-old) female GRIC/eR26-tGFP mice. Because previous electrophysiological characterization of gonadotropes harvested from these animals had exclusively focused on adult males (41, 50), we first tested the specificity of our genetic approach at this age. To do this, we loaded the dissociated cells with the calciumsensitive dye Fura-2 and measured changes in the intracellular Ca 2+ concentration ([Ca 2+ ] i ) in response to GnRH as Fura-2 ratio F340/F380 in both green (tGFP positive gonadotropes) and in nongreen cells. All (except one) green-fluorescent cells tested (n = 16, three experiments) responded robustly to 100 nM GnRH with an increase in [Ca 2+ ] i , whereas only one of the nonfluorescent cells (n = 35, three experiments) somehow responded [ Fig. 2(a) ], confirming the specificity of the genetic labeling using the GRIC allele in juvenile mice.
Genetic confocal Ca
2+ imaging of the gonadotrope population in whole-mount pituitary gland preparations in situ Recent studies suggest that hormone-secreting cells in the anterior pituitary gland may be organized in networks (51) and thus display cell population properties possibly lost after dissociation. To overcome this experimental limitation and to complement our analyses of dissociated gonadotropes, we crossed the GRIC mice to a new reporter strain expressing the genetic Ca 2+ sensor GCaMP3
after Cre-mediated recombination (43 ] i responses after GnRH application [ Fig. 2(c)] . Three examples are shown in Fig. 2(c) . Whereas one cell responded to 0.1 nM GnRH with a slight increase in baseline [Ca 2+ ] i followed by oscillations persisting throughout the GnRH application, another cell responded with oscillations on a plateau phase which decreased during the application. Higher GnRH concentrations (1 nM) led to faster and initially higher increases in [Ca 2+ ] i with a subsequent decrease to a plateau phase accompanied by more [ Fig. 2(c), cells 1, 2 ] or less pronounced [ Fig. 2(c ] i similar to 1 nM GnRH but these seemed to decrease faster and displayed a less prominent plateau phase. A more detailed analysis of the gonadotrope population in situ using this new mouse model will be provided elsewhere.
The TRPC5 agonist Englerin A activates a cytosolic Ca 2+ signal and a whole-cell current in genetically labeled gonadotropes, which is absent in TRPC5-deficient mice To characterize TRPC5-mediated currents in gonadotropes, we tested the effects of Riluzole and Englerin A, both reported to be direct activators of TRPC5 (52, 53) , on these cells. Riluzole acts on different channels, but whereas it discriminates between the closely related TRPC4 and TRPC5, Englerin A is activating both, TRPC4 and TRPC5. Whereas the application of 50 mM Riluzole did not lead to a rise in [Ca 2+ ] i in gonadotropes prepared from juvenile females [ Fig. 3(a) ], we detected a small whole-cell current [ Fig. 3(b) , black traces] upon Riluzole application using the patch clamp technique. The corresponding IV of the net maximum current revealed an outward current with a reversal potential close to 0 mV, similar to TRPC currents in other cell types [ Fig. 3(c) Fig. 3(d-f) , blue traces]. The IV of the Englerin Ainduced current did however not reveal the typical shape of a TRPC5 homotetramer-mediated current [ Fig. 3(f) ]. Instead, it rather looked like a current mediated by a TRPC5/TRPC1 heteromultimeric channel [see (32, 52) and later], raising the possibility that TRPC5 forms functional heteromultimeric channels with TRPC1 in gonadotropes. As a prerequisite, TRPC1 is also prominently expressed in juvenile female gonadotropes (Fig. 1) Fig. 3(g) ].
TRPC5 forms heteromultimers with TRPC1 in gonadotropes
Next we analyzed the activation and IV of TRPC5 heterologously expressed in HEK 293 cells [ Fig. 4 (a) and 4(b)]. To do this, we applied Riluzole (red traces) and Englerin A (black traces) as well as Carbachol to stimulate muscarinic receptors (endogenous G q -coupled M 3 R and heterologous G i -coupled M 2 R) in these cells (blue Abbreviations: Adu _, 14-week-old male; Di \, diestrus; Juv \, 3-weekold female; Juv _, 3-week-old male; Lac \, lactating female; Pro \, proestrus. Previous studies had demonstrated that TRPC5 can form functional heteromultimeric ion channels together with TRPC1 and that TRPC5/TRPC1 channels reveal a different IV (32, 52) . The IV of TRPC5/TRPC1 heteromultimeric ion channels is almost identical to the Englerin A-induced current seen in gonadotropes [compare Fig. 3(f) and Fig. 4(e) ; black traces], suggesting that gonadotropes ] i and a subsequent (rather slow) decrease [ Fig. 3(d) ], initial gonadotrope responses in situ were rather oscillatory and occurred with a delay, followed by an increasing number of gonadotropes responding over time, also in a predominantly oscillatory pattern. The [Ca 2+ ] i oscillations persisted throughout the washout period with ACSF in the majority of cells.
TRPC5 activation in gonadotropes via GnRHR stimulation
The GnRH receptor activates G q/11 proteins (57, 58). This type of activation serves as a physiological stimulus for most of the TRPC ion channels including TRPC5. traces]. Taken together, these data suggest that TRPC5 contributes to the plateau phase of the GnRH-mediated intracellular Ca 2+ signal. However, since Clemizole inhibited almost the complete second phase of the GnRHmediated intracellular Ca 2+ signal in gonadotropes it apparently does not just inhibit TRPC5 but probably also other Ca 2+ influx pathways after store depletion. (41, 59, 60) , which contribute to LH (and FSH) release (61, 62) . We next asked whether GnRHor Englerin A-induced TRPC5 activity is functionally coupled to membrane depolarization, followed by activation of voltage-gated Ca 2+ influx in gonadotropes. Incubation with the L-type Ca 2+ channel blocker Nifedipine (10 mM) significantly reduced the Englerin A-mediated Ca 2+ increase and almost completely blocked the sub-
[ Fig. 7(a) ]. Using the FMP dye we found that 100 nM Englerin A resulted in a significant depolarization, which was absent in gonadotropes isolated from TRPC5-deficient mice [ Fig. 7(b) ]. Nifedipine significantly reduced the Ca 2+ influx upon TRPC5 stimulation [see Fig. 7(a) ], but did not reduce the TRPC5-dependent depolarization [ Fig. 7(b) ]. Thus, the Englerin A-activated TRPC5-dependent Ca signal is mediated by Ca 2+ influx via TRPC5 and L-type voltage-gated Ca 2+ channels, activated by the depolarization via TRPC5-mediated cation influx. The physiological stimulation of gonadotropes by 100 nM GnRH also mediates a significant net membrane depolarization, which we did not observe in other cells isolated from the mouse pituitary [ Fig. 7(c) ]. Nifedipine did not reduce the GnRHdependent depolarization, therefore depolarization of gonadotropes by GnRH is mainly due to TRPC5 channel activation [ Fig. 7(d) ]. The initial decrease of the FMP fluorescence upon GnRH application most probably results from an application artifact and is not due to GnRH receptor stimulation, since it is also present in all other cells not expressing the GnRH receptor [see gray trace in Fig. 7(c) ]. However, the GnRH-mediated net depolarization is significantly reduced in gonadotropes isolated from TRPC5-deficient mice [ Fig. 7 (e) and 7(f)]. High potassium (35 mM) was applied as a depolarization control.
In conclusion, TRPC5 significantly contributes to plasma membrane depolarization in gonadotropes upon GnRH stimulation and to intracellular Ca 2+ increase via its own Ca 2+ permeability and via the activation of voltagegated Ca 2+ channels.
Discussion
In the current study, we document profound TRP channel plasticity in murine gonadotropes by taking advantage of a binary genetic approach and RNA-sequencing libraries prepared from different sexes, as well as hormonal and developmental stages [for detailed technique, see (40) ]. We found that gonadotropes display specific TRP channel expression depending on the sex, hormonal status, and age of the animal, consistent with the hypothesis that these cells adapt their ion channel composition to respond to changing physiological demands. Gonadotropes harvested from juvenile (prepubertal) female mice express more TRP channels at high levels compared with the other stages analyzed. Out of the differentially expressed channels, TRPC5 is the most highly expressed (Fig. 1) . Previous studies showed that TRPC5 is predominantly expressed in the central nervous system (27, 63) , and that TRPC5, activated via G protein-coupled neuronal receptors, has an essential function in innate fear (64) , reduced pilocarpineinduced seizures (65) and an impaired cold sensation (31). However, nothing was known so far about expression and function of TRPC5 within gonadotropes. Here we used a combination of Ca 2+ imaging, electrophysiology, and phenotypic analysis of wild-type and TRPC5-deficient mice to uncover a functional role for TRPC5 channels in gonadotropes. Specifically, we used genetically labeled murine gonadotropes to demonstrate functional TRPC5 in these cells. Like all other TRPC channels TRPC5 is activated by phospholipase C-coupled receptors. Thus, stimulation of Gq/11-coupled receptors and/or receptor tyrosine kinases result in the activation of these channels if present in the same cell. The Gq/11-coupled GnRH receptor determines the major function of gonadotropes (i.e., release of LH and FSH upon stimulation by GnRH from the hypothalamus). However, the exact signaling pathway and ion channel contribution is not known. Because TRPC5 is a Ca 2+ permeable nonselective cation channel, it is a proper candidate to be involved in LH and FSH release in gonadotropes. Nonselective cationic currents attributed to TRPC channels have also been described in GnRH neurons upon kisspeptin application (38, 39) (28, 29) and the increase of [Ca 2+ ] i , in turn, might enhance TRPC5 activity. Because intracellular Ca 2+ increase triggers hormone release, TRPC5 activity could be involved in LH and FSH secretion of murine gonadotropes from juvenile female mice and thus in their pubertal development. ) during GnRH application measured at 390 seconds in wt (black) and C5ko (red) gonadotropes (*P = 0.031), whereas Nifedipine revealed no significant effect on the wt. Means 6 SEM of n cells from x experiments (n/x). Note that the Englerin A-mediated Ca 2+ influx is significantly reduced by the L-type Ca 2+ channel blocker Nifedipine, (a) and that Englerin A mediates a membrane depolarization, which is not reduced by Nifedipine but is virtually gone in gonadotropes isolated from TRPC5-deficient mice (b). Also note that GnRH mediates a membrane depolarization only in gonadotropes, which is significantly reduced in TRPC5 ko cells (c, e, f). Voltage-gated Ca 2+ influx does not significantly contribute to the GnRH-mediated membrane depolarization (c, d, f).
In our experimental approaches, we bypassed receptor stimulation and used the specific TRPC4 and TRPC5 agonist Englerin A to activate TRPC5 channels in gonadotropes (53) . The absence of an Englerin Amediated whole-cell current in TRPC5-deficient gonadotropes [ Fig. 3(e) and (f)] shows that these cells do not express functional TRPC4 channels, which would have been also activated by Englerin A. These data nicely correlate with the RNA-sequencing data in Fig. 1 (32, 52) and the contribution of TRPC1 to the TRPC5-dependent current in gonadotropes is apparent from the current-voltage relationship (Fig. 3) . At the same time, the gonadotropes from juvenile female mice express a substantial amount of TRPC1 (Fig. 1) .
The newly established mouse model GRIC/eR26-GCaMP3 is a powerful tool to image and characterize Ca 2+ signals of the gonadotrope population in situ.
Our approach capitalizes on confocal Ca 2+ imaging monitoring a genetic calcium sensor (GCaMP3) specifically expressed in gonadotropes. By using an intact whole gland, we avoid potentially harmful sectioning and loading procedures. In addition, there is only a short delay between the removal of the gland from its physiological conditions in the animal until the actual imaging procedure (,2 hours later). Therefore, we expect gonadotropes to still reflect a molecular ion channel and signaling component repertoire based on the actual hormonal milieu in the intact animal. We show for the first time that gonadotropes of pituitaries prepared from juvenile female mice respond to GnRH in situ. The GnRH-triggered Ca 2+ responses are concentration dependent, consistent with previous studies using male mouse pituitary slices and post hoc gonadotrope identification (66, 67) . At a lower GnRH concentration, the increase in [Ca 2+ ] i is rather slow, with cells displaying oscillations when reaching a threshold, whereas others oscillate throughout the application. With higher doses of GnRH these cells reach the so called GnRH subthreshold the rise in [Ca 2+ ] i is faster with oscillations at the maximal peak followed by a subsequent decrease to a plateau (peak to plateau) (60 ] i responses triggered by Englerin A. One reason for the observed differences might be the concentration level, because in a whole-mount pituitary, Englerin A possibly doesn't reach the gonadotropes in its full concentration. Furthermore, a subset of gonadotropes in situ revealed similar [Ca 2+ ] i responses at higher concentrations of Englerin A (1 mM), as seen in dissociated cells (data not shown), although still delayed. The longer lasting effect on Ca 2+ signaling could be explained by longer lasting activation of TRPC5 channels in gonadotropes, which would lead to a prolonged depolarization of the membrane and, therefore, activation of voltage-dependent Ca 2+ channels. Similar effects on membrane depolarization have been observed in GnRH neurons upon kisspeptin application due to TRPC channel activation (38) . The authors report a recovery time of ;30 minutes. Alternatively, the differences can be explained with autoor paracrine interactions within the pituitary. Consistent with this, recent studies have demonstrated that hormone-secreting cells within the anterior pituitary gland are organized in the form of a network that shows plasticity and adapts to the altered endocrine conditions of different physiological states (51, 68) . In the current study, we could show that gonadotropes express functional TRPC5 (TRPC5/TRPC1) channels, but no functional TRPC4 channels. However, other cells in the pituitary gland might express TRPC4, which is also activated by Englerin A. Thus, in the whole-mount pituitary in addition to TRPC5 in gonadotropes TRPC4 in other cell types might affect the network activity and thus the Ca 2+ signals measured in the gonadotropes.
The majority of the evidence regarding activation and regulation unfortunately relies on deletion of TRPC isoforms or their silencing by antisense or siRNA in heterologous expression systems. Conditional gene targeting experiments will be needed to confirm these results in primary cells in vivo. Besides TRPC5, other channels are also expressed in gonadotropes. Unfortunately, information on potential pertubations of the reproductive axis in the different TRPC-deficient mouse strains generated this far is quite limited. Ultimately, the physiological role of TRPC5 in gonadotropes will have to be addressed via conditional gene targeting (i.e., by specifically knocking out TRPC5 in gonadotropes). Gonadotrope-specific TRPC5 ko animals will also allow us to address the question whether TRPC5 expression and activation is indeed a juvenile phenomenon. Furthermore, because TRPC5 expression has also been reported in other cells of the reproductive axis, such as in GnRH and in kisspeptin neurons, we will in parallel generate GnRH neuronspecific and kisspeptin neuron-specific TRPC5 ko animals. Only a detailed comparison of reproductive development and reproductive function including hormone levels in these different mouse models will enable us to unambiguously dissect the physiological role of TRPC5 in these different cell types.
